Wide bandwidth capacitance devices have been designed which have a high transduction efficiency in air at frequencies into the MHz range. They are sufficiently sensitive to allow transmission through solid samples, including polymers and fiber-reinforced composites. Examples are presented of experiments showing how such transducers may be used to measure material properties and to perform ultrasonic imaging.
INTRODUCTION
There are many examples in the literature of ultrasonic transduction methods which do not require contact to the sample. Such methods fall into several categories. Optical methods can be used for both ultrasonic generation and detection. Ultrasonic transients can be generated using pulsed optical energy, either from conventional light sources or lasers. In the latter case, a range of mechanisms can be used, including thermal expansion, material ablation, and the evaporation of coatings.
• The generation process is well characterized, and wide bandwidths are possible. One property of this source is that it tends to generate several modes simultaneously, which sometimes complicates the subsequent data analysis. Optical detection can be achieved using various types of interferometry and other methods such as optical beam deflection? and systems have been described for experiments in solids using optical generation and detection. While there are undoubted advantages to using such an approach in some situations, there is potential for damage at the source. Also, the detection methods often rely on careful alignment with respect to the detection surface, which must have suitable optical characteristics.
Two other methods have also been used to generate and detect wide bandwidth transients in solids. The first of these is a capacitance method, where a conducting biased electrode is positioned within a small distance (typically tens of microns) from the surface. These devices have been used primarily for detection, 4 where changes in the gap cause charge variations on the electrode, although generation is also possible. 5 Alternatively, the electromagnetic acoustic transducer (EMAT) 6'7 can be used as a method for both generation and detection. In detection, a magnetic field is applied to the sample, and the ultrasonic motion causes an eddy current to be generated which is detected by a coil placed a few millimeters from the surface. Ultrasonic generation can also be achieved by passing current transients through the coil. A disadvantage of both capacitance transducers and EMATs is that the surface of the material should ideally be electrically conducting.
There are many situations where it would be advantageous to propagate wide bandwidth ultrasonic pulses through solid samples without contact, but where the application of the transduction method based on optical methods, capacitance approaches, and EMATs would be difficult. Examples include the rapid inspection of large areas of material, where the sample is not electrically conducting, and where the surface finish is not sufficiently smooth for interferometric methods to be successful. An example of such a situation is the detection of defects within fiber-reinforced polymer composites, and in the measurement of the ultrasonic properties of these and other polymer-based materials (e.g., transparent plastics, foams, etc.). Here, a system using air-coupled transducers would be very useful. Consider, however, the problems that would be encountered in such an experiment where a signal was to be transmitted through a plate of material. The ultrasonic transient generated by the source would travel to the first air/solid interface, where the intensity transmission coefficient a t for a longitudinal plane wave at normal Lamb waves 8 may also be generated and detected in thin plates of material, where the direction of propagation is parallel to the surface of the plate. They exist in two types of modes, symmetric and asymmetric, which are both dispersive (i.e., waves of different frequencies travel at different velocities in the material). However, if the wavelength is much greater than the plate thickness, then the dispersion of the symmetric mode is reduced and its velocity tends towards a single value. Lamb waves radiate or "leak" from a plate into air at different angles depending on their velocity, as described by Snell's law, and so a system using aircoupled devices would be ideally suited for both the generation and detection of these waves.
In Despite these difficulties, recent work has investigated the use of transducers operating in air, using the air path to couple ultrasonic energy into the sample. There are several basic designs whereby these devices can be constructed. In the following, a description of the devices used in these experiments will be given, together with their transduction properties. Experiments will then be described where ultrasonic pulses have been transmitted through polymers and fiber-reinforced composite plates. It is shown that measurements can be made on many such materials, using capacitance-based transducers in air. The imaging capabilities of such a system are also demonstrated.
I. APPARATUS AND EXPERIMENT
The capacitance transducers were developed to be highly efficient generators and detectors of wide bandwidth ultrasonic pulses in air. Their design is shown schematically in Fig. 1 propagated to the receiving transducer where they were detected. Received signals were conditioned using a Cooknell CA6/C charge amplifier, which also applied the 100-V dc bias to the transducer backplate. The resulting voltage waveforms were digitized using a Tektronix 2430A oscilloscope, triggered via the pulser unit, and transferred to a PC for storage and analysis.
For some of the experiments, the sample was mounted on an X-Y translation stage as shown in Fig. 2 . This was controlled by an IBM PS2 computer via a Modulynx motion control system and stepper motors. This allows throughtransmission waveforms to be recorded as a meander scan, over scan areas of up to 200x200 mm, with a position resolution of 1 mm. The Tektronix 2430A oscilloscope was also controlled from the computer, resulting in a totally automated scanning system that could record full waveforms for imaging purposes.
A typical waveform transmitted from source to receiver through air is shown in Fig. 3(a) . As can be seen, the signal level is of the order of volts, and is a well-damped wide These frequencies are seen to be similar for both samples. This is expected from their structures, where velocity differences would be predicted in directions parallel to the plate surfaces, but not in the thickness direction. An interesting feature is that the resonance is less sharp in the spectrum, and the oscillations in time more highly damped, for the unidirectional sample. This could be due to the more anisotropic nature in the unidirectional lay-up configuration, which would tend to promote propagation down the fibers and hence discourage a strong thickness resonance. In each case, however, measurement of the resonant frequency for a known sample thickness leads to an estimate of the throughthickness longitudinal velocity of 2900-+50 ms l, which does not change significantly with the lay-up configuration.
Further evidence for the resonant behavior has been observed in 24-ply and 40-ply samples of quasi-isotropic material, and as would be expected, the thicker material leads to a lower fundamental resonant frequency, but a sinflint estimate of through-thickness longitudinal velocity. In even thicker material, it was possible to obsclve discrete multiple It is evident from the above waveforms and spectra that the air-coupled capacitance devices are able to produce data capable of providing a range of measurements in polymeric materials. In many cases, multiple reflections within the plate thickness lead to a resonance at a certain frequency. As in more conventional immersion schemes, this information can be used to estimate the longitudinal wave velocity in the samples, using normal incidence in air, provided the thickness is known. The bandwidth and sensitivity of the devices have been shown to be high enough to allow such measurements to be performed, despite the high losses induced by the air/solid interfaces.
B. Detection of defects
A major factor affecting the performance of fiberreinforced polymer composites is the presence of delamination defects. These have been the subject of much interest, as ultrasonic techniques are very useful in detecting such anomalies. For the testing of large composite panels, it is often necessary to scan a transducer pair, operating in the through-transmission mode, in unison over the area of interest. In some cases, an immersion tank cannot be used, and devices such as water-jet transducers have been developed for such applications. These have a limited resolution, due to the low frequencies used and the area of contact that the water column makes with the sample. It was thus thought to be of interest to examine the use of the silicon-based aircoupled devices for the detection of defects. In the present work, two such cases have been investigated--artificial defects, and those caused by impact damage. Data was collected using the through-transmission system shown earlier in Fig. 2 . The two transducers were fixed in position, and the sample moved in an X-Y meander scan under computer control. The images presented here were produced over a 50-x50-mm scan area, with a pixel resolution of 1 mm.
The system was first tested on a sample that contained Fig. 8 together with their spectra. As can be seen, the resonant oscillations are present in the defect free data, whereas the data from over the defect contained much lower frequencies and a less prominent spectral resonance peak. This was due to the defect suppressing the strong thickness resonance. One method that could have been used to perform imaging is to time window the waveform (as in a conventional C scan).
However, the dc level tended to shift from one position to the next, due to the tendency of the transducers to pick up background low-frequency acoustic noise, although this could be removed by filtering. For the above reasons, a different technique was employed which based imaging on a window portion of the spectrum, encompassing the spectral peak at 0.6 MHz. As was seen in Fig. 8 , this was a prominent feature in the defect free material but was affected markedly by the artificial defects. Hence, simply plotting the maximum amplitude within the window (or alternatively, some other variable such as total area) led to reasonable images. This is illustrated in Fig.  9(a)-(c) Figure 9 shows the image obtained from an area of delamination caused by impact. The sample was a 100-x150-mm plate of 6.35-mm thickness with a cross-ply lay-up configuration. The area of impact was 5 mm in diameter and it is evident from the image, taken over a 50-x50-mm scan area, that damage was caused over a much wider area than that of the impact.
C. Lamb waves
Lamb waveforms were obtained using the two air coupled transducers in the configuration shown in Fig. 4 . Examples are shown in Fig. 10 , after passing them through a 2-MHz low-pass filter to remove noise. Figure 10 (at shows the signal obtained in a 1.5-mm-thick Plexiglass plate, in which the dispersive a 0 mode is clearly visible, with the higher frequencies arriving first, as expected from the wellknown behavior of this mode in an isotropic plate. A similar waveform was obtained in a 2.2-ram-thick 8-ply quasiisotropic carbon fiber-reinforced composite plate, as shown in Fig. 10(b) . In more anisotropic composites, such as an 8-ply unidirectional plate, different waveforms are obtained when the direction of wave propagation is parallel to the fiber orienlation, as shown in Fig. 11(a) , and at 90 ø to it, as shown in Fig. 11(b) . The elastic properties of the material, and hence the acoustic velocities, are different for a wave propagating along the fibers, resulting in the slightly deformed waveform which arrives at an earlier time than the waveform transmitted across the fibers. Analysis of such waveforms in anisotropic media is difficult, due to the more difficult wave propagation characteristics in these materials. However, it is proposed that future work could be directed toward the extraction of material properties (such as thickness and possibly elastic constants) from such measurements as those shown in Figs. 10 and 11. 
III. CONCLUSIONS
An air-coupled transduction system has been demonstrated which can be used for the ultrasonic inspection of polymeric materials. The system, based on capacitance transducers using a silicon backplate, has sufficient sensitivity and bandwidth to investigate a wide range of materials. Work is now underway to increase the range of application of these devices.
